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Abstract 
In this paper a method of measuring the residual strains in a foil-based MWT module is introduced. These strains are 
a result of differences in thermal expansion coefficients between the different components in the module. The method 
involves the design and manufacture of a test module allowing the different components to be visualised and the 
development of a camera system and software for strain measurement and analysis. Strains were measured in the 
glass, cells and back-sheet foil for a module laminated at 150°C and subsequently cooled to room temperature. The 
results show that strain is dominated by the glass sheet and that strain is uniform in the glass and cells, but complex in 
the foil. Strain in the foil and cell is relatively small. 
Parallel to this, a study was made of the relationship between the position of a conductive adhesive contact in the 
module and its shape. Analysis of the shape showed that a contact with concave sides was the most stable, whereas 
contacts with a convex shape result in a weaker interface with the cell and foil. 
Combining the two techniques allows analysis of the module design, in particular of the interconnections. The results 
can be used to adjust, for example, the foil specification and the conductive adhesive print size. This will result in an 
improved module reliability and lifetime. 
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
committee of the SiliconPV 2012 conference 
 
1. Introduction 
A foil-based MWT module is made up of a conductive back-sheet (a laminate of patterned copper foil 
and PET/PVF), conductive adhesive interconnection, two sheets of encapsulant (usually EVA) and MWT 
cells (see Fig. 1). The module is manufactured by a combined lamination and interconnection cycle during 
which both the encapsulant and conductive adhesive interconnection are cured [1-3]. This happens at a 
temperature of approximately 150°C. On cooling to room temperature, the different components in the
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module shrink at different rates. This imposes strains on the various components. In this work, a method 
has been developed to measure the strains in the glass, conductive back-sheet and cells on cooling from 
lamination to room temperature. The paper also covers a study of the relationship between the final shape 
of a conductive adhesive interconnection and its position in the module. After lamination, on cooling to 
room temperature, the conductive adhesive interconnection is strained. The amount of strain on the 
interconnection will have consequences for its performance and durability and is expected to be 
dependent on its position in the module. This will have consequences for the module design and amount 
of adhesive required for a reliable interconnection. 
Measurement of the strains in an H-pattern module during manufacture and thermal cycling has been 
reported in the literature [4-6]. These measurements make use of markers on the components of the 
module, in particular the cells, and image analysis equipment to follow the strains. The modules are 
placed in a climate chamber with windows allowing images to be made of the module at different 
temperatures. Due to the configuration of MWT modules, the influence of the interconnection on strain in 
the cells cannot be seen from the front of the module. To be able to measure strain in the module 
components a new measurement technique needed to be developed as described in the next section. 
 
 
Fig. 1. Image showing build-up of an MWT module with a conductive back-sheet, conductive adhesive, encapsulant layer cells and 
glass 
2. Measurement of strain in an MWT module 
2.1. Test module 
To be able to measure the strain in the components making up a foil-based MWT module a dedicated 
test module was designed and manufactured. The cells in the module had cut-outs made with a laser 
allowing the back-sheet foil to be seen (see Fig. 2). Reference marks were made on the different 
components using a laser to allow strains to be measured (see Fig. 3). Dots, made using a laser, were used 
as reference marks on the foil and the glass. The edges of the cut-outs in the cells were used as the 
reference for the cells. Modules were made with 4 and 60 cells. The 4 cells module was used to tests the 
measurement system and initial measurement, the 60 cell module for the final measurements. 
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2.2. Measurement system 
To be able to measure the strain in the test modules, a digital camera (Nikon D5000) was mounted in a 
housing to allow the camera to be cooled (see Fig. 4). This was needed to allow pictures of the module to 
be made whilst in the laminator at 150°C. Lighting for the camera was achieved using LED’s. The colour 
of the LED’s could be adjusted to achieve the highest possible contrast. The best contrast was achieved 
with a purple light. Using this setting, all reference marks could be identified by image analysis software 
and unwanted artifacts such as the pattern in the copper foil could be eliminated. The camera was 
calibrated using a calibration plate with the same reference marks as used on the module components (see 
Fig. 5). An accuracy of better than 1 μm could be achieved with the chosen camera and lens. This is more 
than sufficient for the strains expected in this work. 
 
 
Fig. 2. Example of a 4 cell module showing the cut-outs in 
the cells allowing the back-sheet foil to be seen 
 
Fig. 3. Close up of the module with reference marks on the cell, 
glass and back-sheet foil allowing the strain in these materials to 
be measured 
 
Fig. 4. Camera used for measurement of strain in module 
components 
 
Fig. 5. Calibration plate for calibration of camera to allow strain 
measurements from images 
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2.3. Experiments and results strain measurements 
The modules were measured using the camera system at lamination temperature (150°C) and at room 
temperature. The module was placed on an open laminator with the camera on top of the module for the 
measurements at 150°C. The images were processed with image analysis software allowing calculation of 
the strains in the different layers (see Fig. 6). The four cell module was measured first. Results for 
average displacement in two orientations (X and Y) of the glass, cell and foil are shown in Figs. 7 to 9. 
 
 
Fig. 6. Image after image showing that edges of cut-out in cell and 
marks on glass and foil have been identified 
 
Fig. 7. Distance between edges of cut-out in cell 
showing small change in dimensions between 150°C 
and at room temperature 
 
Fig. 8. Distance between marks on glass at 150°C and at room 
temperature. The largest strain is of all module materials is seen for the 
glass 
 
Fig. 9. Distance between marks on foil at 150°C and at 
room temperature showing small strains in both 
orientations 
 
The results show that strain in the module is dominated by the glass. This will also be true for H-
pattern modules as it is the stiffest component in the module. Strain in the other components is lower. For 
the cells this is expected as the cells are small relative to the glass. Strain in the foil is similar to the cells. 
The marks used to measure the strain are placed on the metal foil which is the top layer in the back-sheet 
laminate. The pattern in the copper foil would appear to allow the copper to act as isolated islands on top 
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60 cell module. For this module, strain in the glass and cells is uniform over the full area of the module 
(approximately 1 m wide by 1.5 m wide), whereas strain in the foil is small although very complex across 
the area of the module. This is due to the complexity of the pattern in the copper foil and the fact that the 
back-sheet is a laminate of the Cu foil and PET/PVF. These results require more analysis and modeling to 
correlate the strain with the pattern in the copper foil and the strain in the individual layers in the 
laminate. 
3. Analysis of conductive adhesive shape 
Parallel to the measurement of the strains in the module, an investigation was made of the shape of the 
conductive adhesive interconnection in a full-size module. This was done by taking a full-size foil-based 
MWT module (60 cells) that had been laminated and cutting it in to strips allowing the back-sheet foil to 
be opened and the shape of the conductive adhesive interconnection to be analysed. For a number of cells 
in the module, all the interconnections were characterised for their shape and the type of contact made 
with the cell and foil. The contact could be characterised as convex, straight or concave. Contacts that 
were steeply angled were also noted.  
 
 
Fig. 10. Diagram showing representations of different shapes of conductive adhesives seen in the module with, from left to right, 
convex, concave and straight sides. The cell is shown above the conductive adhesive and the foil below. Finite element modeling 
shows that the strain distribution in the convex interconnection will results in failure of the contact at a lower strain than for the 
straight sided interconnection, with the concave interconnection able to withstand the highest strain 
  
Fig. 11 Example of the typical shapes of conductive adhesive seen in a full-size module; the left hand contact makes a concave 
contact with the foil and the cell, the right contact makes a convex contact 
 
The number of each type of contact and their position in the module was recorded. This information 
was analysed and a relationship with the strains measured in the module was made. Finite element 
analysis of the contact between the adhesive and the foil and cell showed that an interconnection with 
concave sides gave the strongest contact, with a convex shape resulting in the weakest contact. 
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The results of this investigation were that no correlation could be found between the position of the 
conductive adhesive interconnections in the module and their shape. The distribution of the different 
interconnection shapes was random and appears to be independent of the strains measured in the 
components of the module. 
 
4. Conclusions 
The paper describes a method that has been developed to measure the strain in the different 
components in an MWT module during lamination. A module was designed and manufactured which 
allowed strain in the individual components to be followed. A measurement system incorporating a 
camera and lighting system was designed and manufactured. The module and measurement system have 
been used to show that strain in the module is dominated by the glass. The other components show 
relatively small strains on cooling from 150°C to room temperature. This implies that stress on the 
interconnections between the cells and the conductive foil will be small. Investigation of the deformation 
of the interconnections in a full-size module confirms this finding with no correlation between 
interconnection shape and position in the module. The different shapes of the interconnection can results 
in different adhesion properties to the cells and conductive foil. These results give confidence in the 
stability of the module, in particular of the interconnections, during and after manufacture and also in 
thermal cycling. Further work is needed to relate the strains measured in the copper foil to the strains 
expected in the other layers of the laminate. This information will be used to further improve the design 
of the foil and refine the requirements of the foil for reliable module manufacture. 
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